Muons of high transverse nlomentun~ p-~ have been observed in the large drift chambers surrounding the UA1 detector at the CERN 540 GeV p~ colJider. For an integrated luminosity of 108 nb -1 , 14 isolated muons have been found with PT > 15 GcV/c. They arc correlated with a large imbalance m tot.,d transverse energy, and show a kinematic behaviour consistent with the muonic decay of the Intermediate Vector Boson W ± of weak interactions. The partial cross section is in agreement with previous measurements for electronic decays and with muon-electron universality. The W mass is detemlined to be m w = 81_ +6 GeV/c 2.
1. Introduction. We have recently observed large transverse momentum electrons, in coicidence with missing transverse energy, in 540 GeV proton-antiproton interactions at the CERN pg collider [1] 4~ The topology and rate of these events agrees well with the hypothesis that they result from the production and subsequent electronic decay of Intermediate Vector Bosons (IVBs) W*-:
).
(l)
Using a sample of 52 selected events, the weak origin was confirmed by observing the forward-backward charge asymmetry of the electrons, typical of lefthanded currents [3] . From the measured transverse mass distribution, a mass of (80.9 -+ 1.5) GeV/c 2, with 3% systematic error, was determined for W +-, in excellent agreement with the expectation of the Glashow-Salam-Weinberg model of electroweak interactions [4] ,2 Muon-electron universality predicts an equal number of events of type (1) , in which the electron is replaced by its heavy counterpart, the muon: p~W~X, W ±~ *(-)
Although almost identical with process (1) in theory, the muonic decay [process (2) ] has a completely different experimental signature. Whereas an electron produces an electromagnetic shower (detected in the electromagnetic calorimeters), a high momentum muon traverses the whole detector with almost minimum energy loss. Muons are identified by their ability to penetrate many absorption lengths of materials. Thus potential backgrounds for muons are radically different from those for electrons. The observation of the same rate for processes (1) and (2) is therefore not only tile most direct confirmation of muon-electron universality in charged-current interactions, but it also provides an important experimental verification of the previous results [1] [2] [3] . The present paper reports the first observation of the muonic decay of the charged IVBswith corresponding measurements of the W mass, the decay charge asymmetry and the partial cross section. i i }:or corresponding UA2 results, see Banner et al. [2] . *2 For a review of the present experimental situation, see for example ret. [5] .
Detection and measurement of rnuons and
neutrinos. The UA1 apparatus has already been described [6] [7] [8] . Here we limit our discussion to those components which are relevant to the identification and measurement of muons. In brief, a fast muon, emerging from the p~ interaction region, will pass in turn through the central detector, the electromagnetic calorimeter and the hadron calorimeter, which consists of the instrumented magnet return yoke. After 60 cm of additional iron shielding (except in the forward region), it will then enter the rouen chambers, having traversed about 8/sin 0 nuclear interaction lengths, where 0 is its emission angle with respect to the beam axis. The number of hadrons penetrating this much material is negligible;however there are two sources of hadron-induced background: (i) Stray radiation leaking through gaps and holes.
(ii) Genuine muons from hadron decays, such as n ~/av, K -+/av, etc.
It is therefore essential to follow the behaviour of all muon candidates throughout the whole apparatus. Tracks are recorded in the central detector [7] , which is a cylindrical drift chamber array, 5.8 m in length and 2.3 m in diameter, surrounding the interaction region. The momenta of muons are determined by their deflection in the central dipole nragnet, which generates a field ofO.7 T over a volume of 7.0 × 3.5 X 3.5 m 3. The momentum accuracy for high-momentum tracks is limited by the localization error inherent in the system (<~ 100/am) and by the diffusion of electrons drifting in the gas, which is proportional to x/land amounts to about 350 pm after the maxinmm drift length of l = 19.2 cm [6, 7] . This results in a momentum accuracy of about -+209; for a 1 m long track atp = 40 GeV/c, in the best direction with respect to the field. In general, the precision depends greatly on the length and orientation of the track. For the rouen sample under discussion, the typical error is around +-30%.
In the present investigation the calorimeters have a fourfold purpose: (i) they provide enough material to attenuate hadrons, and constitute a threshold for rouen detection ofPT > 2 GeV/c; (ii) they identify hadronic interactions and/or accompanying neutral particles by an excess in the energy deposition; (iii) they ensure a continuous tracking of the rouen over six segments in depth; (iv) they provide an almost hermetically closed energy flow measurement around the collision point, which makes possible the detennin- I ation of the transverse components of the neutrino momentum by transverse energy conservation. Fifty muon chambers [8] , nearly 4 m X 6 m in size, surround the whole detector, covering an area of almost 500 m 2. A graphical display of a W -+ Div event is shown in fig. 1 , with an expanded view of the rouen chambers shown as an insert. Each chamber consists of four layers of drift tubes, two for each projection. The tubesin adjacent parallel layers are staggered. This resolves the left-right drift time ambiguity and reduces the inefficiency from the intervening dead spaces. The extruded aluminium drift tubes have a cross section of 45 mm × 150 ram, giving a maximum drift length of 70 mm. An average spatial resolution of 300 Dim has been achieved throughout the sensitive volume of the tubes *3. In order to obtain good angular resolution on the rouen tracks, two chambers of four planes each, separated by 60 cm, are placed on five sides of the detector. This long lever-arm was chosen in order
• i3 For more detailed information, see for example ref, [9] .
to reach an angular resolution of a few milliradians, comparable to the average multiple scattering angle of high-energy muons (3 mrad at 40 GeV/c). Because of space limitations, the remaining side, beneath the detector, was closed with special chambers consisting of four parallel layers of drift tubes.
The alignment of the muon chambers and the match in angle and position of muon tracks with extrapolations of the central detector tracks were extensively studied with high-momentum (p > 10 GeV/c) cosmicray muons. The fitted track parameters and errors from the central detector were extrapolated through the calorimeters and extra iron, taking into account the additional correlated errors in position and angle due to multiple scattering. Selection criteria were then defined, based on the agreement of extrapolated track position and direction with measurements from the muon chambers alone.
The track position and angle measurements in the muon chambers permit a second, essentially independent, measurement of momentum. The statistical and systematic errors in this second momentum determination were carefully checked with high-momentum cosmic-ray muons; fig. 2 compares the momuntum measurements in the central detector and muon chambers. Because of the long lever arm to the muon chambers, a significant increase in precision is achieved by combining the two measurements. The presence of neutrino emission is signalled by an apparent transverse energy imbalance when the calorimeter measurement of missing transverse energy is combined with the muon momentum measurement. The accuracy in each component of tli e missing transverse energy is 0.4 x/Et, where E t is the scalar transverse energy sum (E E i sin Oi) and units are in GeV. This determines the neutrino transverse momentum error perpendicular to the muon Pt whereas the error parallel to the muon Pt is dominated by the track momentum accuracy.
Hardware trigger and data-taking.
The tnuon chamber geometry ( fig. 1 ) permits a quick definition of a track, pointing to the interaction vertex within a specified cone of aperture -+ 150 mrad. This is accomplished by a dedicated set of hardware processors, which analyse the pattern of hit tubes after the "minimum bias" trigger [1] [2] [3] 6] has signalled an event. This operation is carried out in less than 1/as after the maximum drift-time in the muon chambers (1.4/as), and introduces no additional dead-time, since it is completed before the next beam-crossing. Only about 10 -4 of "minimum bias" events have one or more track candidates in the muon chambers and are thus retained. The forward chambers were only partially used in the trigger, because their trigger rate was too high. This limited the acceptance is pseudorapidity to it/i< 1.3, with typically 2/3 of the full azimuthal acceptance. The muon trigger rate was approximately 1 Hz at the peak luminosity L = 1.5 X 1029 cm-2 s -1 . The integrated luminosity for the data reported here was 108 nb -1 , after subtraction of dead-time. Out of 2.5 × 106 events recorded on tape, 1 X 106 events were muon triggers.
Event selection.
The muon sample is contaminated by several background sources such as leakage through the absorber, beam halo, meson decays, and cosmic rays. Some of the background can be eliminated by requiring a matching central detector track with sufficiently high momentum to penetrate to the muon chambers. All events were therefore passed through a fast filter program which selected muon candidates with PT > 3 GeV/c or p > 6 GeV/c. This filter program reconstructed tracks in the muon chambers. For each track pointing roughly towards tile interaction region, the central detector information was decoded along a path from the muon chamber track to the interaction region. Track finding and fitting were performed in this path. Events were kept ifa central detector track satisfied the above momentum cut and matched the muon chamber track within generous limits. The filter program selected about 72 000 events. Since only limited regions of the central detector were considered, the program took about l(YTb of the average reconstruction time of a full event.
Thel7 326 events from the fast filter which contained a muon candidate with PT > 5 GeV/c were passed through the standard UA 1 processing chain. Of course, 713 events had a muon candidate with PT > 15 GeV/c or p > 30 GeV/e. These events were passed through an automatic selection program which eliminated most of the remaining background by applying strict track quality and matching cuts. Independently of this, all events were examined on an interactive scanning facility. This confirmed that no W-candidate events were rejected by the selection program. events with a PT > 5 GeV/c muon selected by the last filter program fully reconstructed events with muon PT > 15 GeV/e or p > 30 GcV/c events with a good quality CD track which matches the muon chambers well events remaining after rejection of cosmic rays cwents remaining after a tight cut on the x 2 ot" the CD track fit to remove decm vs events where the muon is isolated both in the CD and in the calorimeters cvents with no jet activity opposite the muon in the transverse plane events remaining as W candidates after scanning (see text) events with a neutrino transverse momentum > 15 (~V/c   17326  713  285  247  144  53  36  18  14 The selection program imposed additional requirements on event topology in order to refect events with muons in jets or back-to-back with jets. A muon was considered to be in a jet if the sum of the transverse momenta of other tracks in a surrounding cone of half width ~Xr = (A~b 2 + At/2) 1/2 < 0.7 (~b: asimuthal angle, 77: pseudorapidity) exceeded 3 GeV/c or if a standard jet algorithm [10] found a calorimeter jet with E T > 10 GeV and with its axis within the above cone. Events were also rejected if the jet algorithm found a calorimeter jet with E T > 10 GeV or a central detector jet with PT > 7.5 GeV/c back-to-back with the muon to within -+ 30 ° in the plane perpendicular to the beam. Thirty-six events survived these cuts, and were carefully rescanned. After elhninating additional cosmics and probable K ~/au decays, 18 events remained. The final W-sample of 14 events was obtained after the additional requirement that the neutrino transverse energy exceed 15 GeV. The effects of the different cuts are shown in table 1.
Muon identification attd background. The muon
identification is based on the calorimeter information and the agreement of the extrapolated central detector track with the track in the muon chamber. A muon traverses the calorimeters and the additional absorbers without deviations beyond those of multiple scattering, and with minimum ion~.ation losses in the four EM and two hadronic calorimeter segments. The ionization losses of the muons from the W sample, normalized to perpendicular incidence, are in good agreement with results from a 45 GeV muon test beam. Furthermore the two muon momentum measurements agree well, as shown in fig. 3 .
The most dangerous background to the W ~/av sample comes from the decay of medium-energy kaons into muons within the volume of the central detector such that the transverse momentum kick from the decay balances the deflection of the particle in the magnetic field. This simulates at the same time a highmomentum muon track and, in order to preserve momentum balance in the transverse plane, a recoiling "neutrino". Most of these events are rejected by the selection program. We have performed a Monte Carlo calculation to estimate the residual background. Charged kaons with 3 <Pt < 15 GeV/c and decaying in the central detector were generated according to a parametrization of the transverse momentum distribution of charged particles [11] , assuming a ratio of kaons to all charged particles of 0.25,4. A full simulation of the UA1 detector was performed, and each track was subjected to the same reconstruction and selection procedures as the experimental data, including the scanning of these events. Normalizing to the integrated luminosity of 108 nb -1 , we found 4 events in which the K decay was not recognized and simulated a muon with Pr > 15 GeV/c. Imposing the additional requirement of p-1-> 15 GeV/c for the accompanying neutrino leaves less than one event as an upper limit to the background to W -~ lay from this source.
In addition, we expect about 5 events in our data sample with muons from decays of pions or kaons with Pt > 15 GeV/c. These will be similarly suppressed by the reconstruction and selection procedures; in particular such events will be characterized by jets which transversely balance the high-p t hadrons and are therefore rejected by our topological cuts. 6 . Results. Eighteen events survive our selection criteria, as defined in section 4, and contain a muon with PT > 15 GeV/c. The muons are isolated, and there is no visible structure to compensate their transverse momenta, in contrast with whatmight be expected for background events from heavy-flavour decays. Including the muon in the transverse energy balance, all events exhibit a large missing transverse energy of more than 10 GeV, attributed to an emitted neutrino. For the £mal W ~/~u sample, we consider only those 14 events with a neutrino transverse momentum pq? > 15 GeV/c. As in the electron case [1] [2] [3] , the transverse momentum of the neutrino is strongly correlated, both in magnitude and in direction, with the transverse momentum of the muon. Fig. 4a shows this correlation in the direction parallel to the muon Pt" Similarly the component of the neutrino Pt perpendicular to the muon Pt is small. The characteristic back-to-back configuration and the high momenta of both leptons, well above tl~e threshold, are very suggestive of a twobody decay of a massive, slow particle. The large errors in the momentum determination of the muons smear the expected jacobian peak of a two-body de-:t4 Calculation based on Banner et al, [ 12] . cay. However, the transverse momentum distribution agrees well with that expected from a W ~ decay, once it is smeared with the experimental errors ( fig. 4b) .
The transverse momentum p~') of the decaying particle is well measured, because the muon momentum does not enter into its determination. In fact, p~.W) is simply the missing energy measured in the calorimeters, after subtraction of the muon deposition. The measured distribution is given in fig. 5a and agrees well with our previous measurement from the W ~ ev sample, shown in fig. 5b . Each of the two events with the highest p~W) has a jet which locally balances the transverse momentum of the W.
In order to determine the mass of the rouenneutrino system, we have used in a maximum likelihood fit the eight measured quantities for each event (momentum determination of the rouen in the CD and in the muon chambers, angles of the rouen, fourvector of the energy for the rest of the event) and their relevant resolution functions. We have taken account of the cuts imposed on the measured muon and neutrino transverse momenta * 5. We obtain a fitted W mass of m w = 81 +_6 GeV/c 2, in excellent agreement with the measured value from W --, ev [3] . This result is insensitive to the assumed decay angular distribution of the W. If the mass is fixed at the electron value of 80.9 GeV/c 2, a fit of the decay asymmetry gives <cos 0"> = 0.3 -+ 0.2, fully consistent with our result from W --> ev and with the expected V -A coupling. The asymmetry measurement is not very significant since the ambiguity due to the two possible solutions for the longitudinal movement of the W could be resolved in only a few cases. This is due to the large momentum errors and the limited acceptance in psuedorapidity (Ir~) < 1.3) for the muons.
The overall acceptance for the final sample of 14 W -+/av events is limited by two main factors, namely the geometrical acceptance of the muon trigger system for muons with PT > 15 GeV/c (49%) and the influence of the track quality cuts applied to the muon. The latter has been estimated by applying identical cuts to an equivalent sample of 46 W ~ ev events from the 1983 data sample. 21 events remain, giving an acceptance of (46 -+ 7)%. A further correction of (87 -+ 7)% is included to account for the jet veto and track isolation requirements. These three factors give an overall acceptance of (20 -+ 3.5)%.
-t5 In the maximum likelihood fit, the measured quantities of each event are compared with computed distribution functions, smeared with experimental errors. A Breit--Wigner form is assumed for the W mass [with a width (FWHM) of 3 GeV/c 21, and gaussian distributions are used for the transverse and longitudinal momenta of the W (with rms widths of 7.5 GeV/c and 67.5 GeV/c, respectively). In the W centre of mass, the angle 0* of the emitted positive (negative) lepton with respect to the outgoing antiproton (proton) direction is generated according to a distribution in cos 0* of (1 + cos 0*) 2 as expected for (V + A) coupling.
The integrated luminosity for the present data sample is 108 nb-1, with an estimated uncertainty of -+ 15%. The cross section is then (o.B)u = 0.67 -+ 0.17(+0.15)nb, where the last error includes the systematics from both acceptance and luminosity. This value is in good agreement both with the standard model predictions [13] and with our published result for W ~ ev [3] , namely (o'B)e = 0.53 +-0.08 (+0.09) nb.
A direct comparison between the electron and muon results has been made by selecting those W ~ ev events which are within the acceptance of the muon trigger system. Twelve events remain from the 21 which pass the muon track quality cuts. After correction for the difference in integrated luminosity (1 18 nb -1 in the electron case) this gives the following cross section ratio, in which systematic errors approximately cancel:
R = (o'B)ta/(o'B)e = 1.24+_O64 .
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